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Coordination time intervalAbstract The presence of distributed generation (DG) units in distribution systems increases the
fault current level, which disrupts the existing coordination time interval of the protective overcur-
rent relays. One of the ways for decreasing DG effects on the coordination of protective devices is
re-coordination of the relays by installing unidirectional fault current limiter (UFCL) between the
main grid (upstream network) and the microgrid (downstream network). The UFCL does not limit
fault current contribution of the upstream network when fault occurs in downstream but limits fault
current contribution of the downstream network when fault occurs in the upstream. Moreover, it
preserves the coordination between all of the relays. Several case studies are carried out for illustrat-
ing the performance of the UFCL in maintaining the relay coordination.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Due to the increase of electricity demand and the change of
concerning environments, the capacities of renewable energy
generation systems, which are mainly connected to a distribu-
tion system, are being expanded [1]. The penetration level of
DGs being small in size [2] is expected to be higher in manycountries to accelerate development of renewable technologies.
The DGs based on renewable energy sources such as photo-
voltaic systems, wind turbines, and fuel cells will help in reduc-
ing greenhouse gas emissions. Moreover, these DGs can
provide beneﬁts for both utilities and consumers since they
can reduce power loss, improve voltage proﬁle and reduce
transmission and distribution costs as their location will be
close to customers [3]. The penetration level of DGs in radial
distribution network has a signiﬁcant impact on power ﬂow,
harmonics, voltage regulation and short circuit levels of the
Network [4].
The level of fault current increases when DGs are con-
nected with distribution network with a subsequent serious
effect on the existing coordination of the protective devices.
DG interface may be either a transformer or a power electron-
ics device, which is another important factor affecting overall
short-circuit level [5,6]. Since the coordination time intervaling Uni-
2 M. Abdel-Salam et al.(CTI), as shown in Fig. 1, cannot be guaranteed if the fault
current ﬂowing through any protective device is changed, pro-
tective coordination could be lost. As a result, the DGs may
need to be disconnected from the distribution network at fault
condition in order to restore relay coordination on the expense
of loss of DG power [7,8]. In order to solve the miss-
coordination between protective relays resulting from the con-
nection of DGs to a distribution system, several studies have
been implemented [5,9–12].
Fault current limiters (FCLs) with fast action can limit the
instantaneous magnitude of the short-circuit current during
fault conditions at a predeﬁned value [13]. When a microgrid
(MG) in a downstream network is connected to the main
upstream network, a FCL can be installed in the tie feeder,
which connects upstream and downstream networks. Conven-
tional FCLs generally have a bidirectional behavior that limits
the short-circuit current in two directions. For faults in
upstream network, the operation of the FCLs is desirable to
limit fault current contribution of the MG and preserve the
coordination of upstream over current relays, but during a
fault in downstream, current limitation by the FCL may
decrease operational ﬂexibility and reliability of the down-
stream network. Loss of coordination between the upstream
and downstream protective relays is one the of arisen problems
[14]. In order to overcome the problems resulting from fault
occurrence downstream, a unidirectional fault current limiter
(UFCL) specially designed for microgrid is recommended.
The proposed UFCL presents a low resistance value in normal
and downstream fault conditions and a high resistance value
during the upstream fault conditions [15].
The objective of this paper is to estimate the optimal value
of UFCL resistance which achieves proper relay coordination
time interval in order to avoid miss-coordination between
overcurrent relays in distribution systems. Such miss-
coordination is expected due to the connection of DG units
into the distribution system. The procedure to obtain the opti-
mal resistance of UFCL is iterative in nature. The optimal
UFCL-resistance value is determined for the following four
scenarios:
 Scenario A: The rating of the main grid rating is increased
from 1000 MVA to 1500 MVA for the same rating and type
of DG1 unit.Figure 1 Protective coordination characteris
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tion generator (IG) or doubly fed induction generator
(DFIG) or permanent magnet synchronous generator
(PMSG) keeping the same rating of both the DG1 unit
and the main grid.
 Scenario C: A new synchronous generator DG2 as a DG
unit is added to the MG side. This scenario is the only
one which was investigated before [14].
2. Method of analysis
2.1. Configuration of distribution system
A power distribution network with the DG unit is shown in
Fig. 2 which consists of upstream and downstream networks
connected by a unidirectional fault current limiter (UFCL).
The upstream network consists of 1000 MVA substation con-
nected through a 50 MVA transformer to a transmission sys-
tem with four OCRs, each follows a bus and a non-rotating
load (L1 to L4). The UFCL is connected to the downstream
network through bus 5. A synchronous generator representing
DG1 and non-rotating load L5 is connected to bus DG1
through a 2 MVA transformer. A non-rotating load L7 is con-
nected to bus 5 through a 1.5 MVA transformer. A DG2 and
non-rotating load L6 are added and connected to bus DG2
through a 2 MVA transformer. Buses DG1 and DG2 are con-
nected to bus 5 through underground cables ZDG1 and ZDG2,
respectively. Parameter values related to the upstream and
downstream networks are shown in Table 1.
2.2. Calculation of short-circuit impedances according to IEC
60909 Standard
In this paper, the IEC Standard 60909 [16–20] is utilized for
fault level calculations. The fault level calculations are per-
formed on the 20-kV distribution network as shown in
Fig. 2. Based on the network data shown in Table 1, the short
circuit impedances of the main substation, transformers, DG
unit (synchronous generator) and non-rotating loads are calcu-
lated as described in Appendix A. Table 2 presents the values
of the short circuit impedances of the system.tics between primary and back-up relays.
Coordination for a Distribution System Connected to a Microgrid using Uni-
6/j.asej.2015.08.008
Figure 2 MV distribution network connected to a microgrid.
Table 1 Parameter values of upstream and downstream
networks [14].
The network
components
Data
Main substation UnQ ¼ 69 kV, S00kQ ¼ 1000 MVA,
RQ=ZQ ¼ 0:045
Transformer (T1) SrT ¼ 50 MVA,
ukr ¼ 20:5%; PkrT ¼ 160 kW,
tr ¼ 69=20 kV
Overhead lines (Z12,
Z23 and Z34)
R= 2.75 X, X= 4.15 X
Overhead line ðZMG) R= 2.15 X, X= 3.24 X
Non-rotating loads
(L1 to L4)
S= 20 MVA, P.F = 0.94
Synchronous generator
(DG1)
SrG ¼ 1:5 MVA, UrG ¼ 690 V, x00d ¼ 0:18,
P.F = 0.9 lag
Transformers
(T2 and T3)
SrT ¼ 2 MVA, ukr ¼ 6%; uRr ¼ 1:1%,
tr ¼ 0:69=20 kV
Transformer (T4) SrT ¼ 1:5 MVA, ukr ¼ 6:5%; uRr ¼ 1%,
tr ¼ 20=0:4 kV
Underground cable
(ZDG1)
R= 0.081 X, X= 0.057 X
Underground cable
(ZDG2)
R= 0.162 X, X= 0.114 X
Non-rotating
loads (L5 and L6)
S= 1.2 MVA, P.F = 0.95
Non-rotating
load (L7)
S= 0.9 MVA, P.F = 0.97
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The operational characteristics of the OCRs are expressed [14]
as follows:
tprimary ¼ A
Mpprimary  1
þ B
" #
 TDSprimary ð1Þ
tback-up ¼ A
Mpback-up  1
þ B
" #
 TDSback-up ð2Þ
Mprimary ¼ Iprimary
Ipick-up;primary
ð3Þ
Mback-up ¼ Iback-up
Ipick-up;back-up
ð4ÞTable 2 Values of the short circuit impedances of the system.
The network components Resistance (X) Reactance (X)
Main substation 0.0198 0.439
Transformer (T1) 0.024 1.526
Transformers (T2 and T3) 2.2 11.7966
Transformer (T4) 2.666 17.1267
DG unit (synchronous generator) 7.343 49
Non-rotating loads (L1 to L4) 18.8 6.823
Non-rotating load L5 316.67 104
Non-rotating load L7 431.1 108.072
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Table 3 Comparison between calculated and simulated fault
currents for distribution network connected to synchronous
generator MG source.
Fault
location
Fault current contribution from diﬀerent sources
(kA)
Source
type
MATLAB
program
ETAP
program
BUS 2 Substation 1.8894 1.89
DG1 0.19491 0.203
BUS 3 Substation 1.0452 1.04
DG1 0.10783 0.112
BUS 4 Substation 0.7212 0.719
DG1 0.0744 0.077
BUS 5 Substation 1.2005 1.2
DG1 0.20616 0.216
BUS 6 Substation 0.41681 0.407
DG1 0.07158 0.073
BUS DG1 Substation 1.1905 1.19
DG1 0.2064 0.216
4 M. Abdel-Salam et al.where the relay operating times ðtprimaryÞ and ðtback-upÞ of the pri-
mary and back-up relays are calculated based on their Ipick-up
and TDS, if the corresponding relay currents ðIprimaryÞ and
ðIback-up) are known. The permissible range of TDS is usually
from 0.5 to 11 to provide the fastest and slowest operations
for a given current, respectively. The coefﬁcients of A, B and
p are constants that represent the inverse, very inverse, and
extremely inverse types of the overcurrent relay (OCR), respec-
tively [21]. The constants in this paper for the very inverse type
have assigned values of 3.922, 0.0982, and 2, respectively. In
order to ensure OCR coordination, the operating time of the
back-up relay has to be greater than that of the primary relay
for the same fault location by a coordination time interval
(CTI). A typical value of CTI as used in the relay coordination
range is between 0.2 and 0.5 s [22].
2.4. Analysis of the load and fault conditions for selecting the
protective equipment
The load ﬂow study using the electrical transient analysis pro-
gram (ETAP) is used for calculating the current ﬂowing
through each feeder in order to select the pick-up current of
each overcurrent relay and the turns ratio of the current trans-
former feeding the relay. The pick-up current should be set as
low as possible but high enough to avoid picking up during
overload, transient and switching conditions. It is chosen
depending on the maximum load current ﬂowing through each
OCR. Each relay’s pick-up current has minimum and maxi-
mum values; these values are chosen to be 1.2 and 2 times
the maximum load current which ﬂows through the relay at
normal operation [23].
The assumptions made for fault current calculation are as
follows: (i) all line capacitances and shunt admittances are
neglected, (ii) non-rotating loads are disregarded and (iii) the
faults are solidly grounded. For fault current calculation, all
network feeders, synchronous and asynchronous machines
are replaced by their internal impedances and the equivalent
voltage source is the only active voltage of the system for cal-
culating the maximum short-circuit currents. This calls for
transfer impedance values from one voltage level to another,
usually to that voltage level at which the short-circuit current.
When a three-phase short circuit is applied at bus 4, OCR3
and OCR2 operate as primary and back-up relays, respec-
tively. Also, OCR2 operates as primary relay and overcurrent
relays OCR1, OCR4 and OCR6 operate as back-up relays
when a three-phase fault occurs on bus 3. The relay OCR6
operates as back-up relay when the OCR4 fails in operation.
When a three-phase short circuit is applied at bus 6, OCR5
and OCR4 operate as primary and back-up relays, respec-
tively. Also, when the fault occurs at bus DG1 OCR6 and
OCR4 operate as primary and back-up relays.
In this paper the value of pick-up current is set at 150% of
the maximum load current. The time dial settings (TDSs) of
relays are selected according to the magnitudes of fault current
and their required operation times. The three-phase fault cur-
rent contribution of the different sources can be calculated by
the equivalent voltage source method using the nominal volt-
age of the system and the rated values of the equipment. The
magnitude of the equivalent voltage source is equal to
c Un=
ﬃﬃﬃ
3
p
, where c and Un are voltage factor and rated system
voltage, respectively [24]. The far overcurrent relay OCR3Please cite this article in press as: Abdel-Salam M et al., Improvement of Protection
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the CTI between the primary and back-up relays were initially
assumed equal to 0.5 and 0.3 s, respectively, in order to deter-
mine the value of TDS for each preceding overcurrent relay.
3. Results and discussion
The distribution system connected to the microgrid in Fig. 2
has been programmed in MATLAB program. The calculated
fault currents agreed satisfactory with those obtained using
the electrical transient analysis program (ETAP) as shown in
Table 3. For the base case where DG1 is a synchronous gener-
ator (SG) of 1.5 MVA connected as shown in Fig. 2, the over-
current relays OCRs setting values are shown in Table 4.
As described before, the procedure for obtaining the opti-
mal resistance of UFCL is iterative, and an initial resistance
value of 100 X for the optimal resistance of UFCL is assumed
irrespective of the investigated scenario. For a three-phase
fault at busbars 3, 4, 6 and DG1, the fault currents of the
related OCRs are determined. The fault current contribution
of main substation in upstream network, Fig. 2, is higher than
that of distributed generator unit in downstream network irre-
spective of the fault location. This is because the rating of main
substation is higher than that of DG unit as shown in Table 3.
3.1. Scenario A: Relay coordination as influenced by the increase
of the rating of main grid for the same DG1 unit
In this scenario, one case is considered for relay coordination
with the increase of the main grid rating keeping the rating of
DG1 of the synchronous generator type constant at 1.5 MVA.
In IEC 60909 [16–20], the synchronous generator is modeled as
a voltage source behind the equivalent impedance, which
includes the sub-transient reactance of the machine and a resis-
tance higher than the stator resistance, Fig. 3. The value of this
resistance depends on the rating of the generator. Due to the
use of the equivalent voltage source method instead of theCoordination for a Distribution System Connected to a Microgrid using Uni-
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Table 4 Setting values for each OCR for the base case
(conﬁguration).
Relay
unit
Load current
(A)
CT
ratio
Pick-up current
(A)
TDS
(s)
OCR1 794.1 200/5 29.76 2.1
OCR2 433 150/5 27.3 1.1
OCR3 196.4 200/5 10.8 0.5
OCR4 33.8 50/5 6.8 1.4
OCR5 14.5 50/5 2.17 0.6
OCR6 19.3 50/5 2.89 4.5
Table 5 Relay coordination for case (A-1) without UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1161.3 0.3604 0.5541
OCR1 (back-up) 1057.6 0.9145
BUS 4 OCR3 (primary) 798.8 0.8597 0.1811
OCR2 (back-up) 798.8 0.6785
BUS 6 OCR5 (primary) 487 0.0636 0.2222
OCR4 (back-up) 419.3 0.2858
BUS
DG1
OCR6 (primary) 1205.4 0.4521 0.2970
OCR4 (back-up) 1205.4 0.1550
Table 6 Relay coordination for case (A-1) with UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1123 0.3790 0.4999
OCR1 (back-up) 1083 0.8789
BUS 4 OCR3 (primary) 780.1 0.9164 0.2063
OCR2 (back-up) 780.1 0.7100
BUS 6 OCR5 (primary) 487 0.0636 0.2222
OCR4 (back-up) 419.3 0.2858
BUS
DG1
OCR6 (primary) 1205.4 0.4521 0.2970
OCR4 (back-up) 1205.4 0.1550
Improvement of protection coordination 5sub-transient voltage, the impedance of the synchronous gen-
erator is corrected with a KG impedance correction factor.
According to (A.14), (A.16) and (A.17), the parameters of
the equivalent circuit of synchronous generator, including
short-circuit resistance RG, short-circuit reactance XG and KG
are determined.
3.1.1. Case (A-1) Relay coordination with the increase of the
main grid rating from 1000 MVA to 1500 MVA
Without using UFCL the coordination between OCR1 and
OCR2 as well as OCR2 and OCR3 are disrupted as the related
CTIs 0.5541 and 0.1811 are out of upper and lower permissible
ranges, respectively, as depicted by bold values in Table 5. On
the other hand, coordination between OCR4 and OCR5 as
well as OCR4 and OCR6 is preserved. On using UFCL with
a resistance of 114.9 X, the CTIs between OCR1 and OCR2
as well as OCR2 and OCR3 are restored to 0.4999 and
0.2063, respectively, Table 6, which satisﬁes the coordination
requirement.
3.2. Scenario B: Relay coordination as influenced by the type of
DG1 for the same rating of both the DG1 and the main grid
In this scenario, four cases are considered for relay coordina-
tion by replacing the 1.5 MVA synchronous generator with
different DG types of the same rating including IG, DFIG
and PMSG keeping the rating of the main grid constant at
1000 MVA.
3.2.1. Case (B-1) Relay coordination on replacing the
synchronous-generator DG1 with induction generator type
According to IEC 60909 standard [16–20], the induction motor
behaves as a generator during fault condition. However, the
calculation principle is identical and directly applies to gener-
ators as well. Hence, the generator impedance ZG is given by
(5), being essentially equal to the locked-rotor impedance of
the machine as shown in Fig. 4.
ZG ¼ 1
ILR=IrG
U
2
rG
SrG
¼ 690  690
8  1:5  106 ¼ 0:039675 X ð5ÞFigure 3 Equivalent circuit of synchronous generator.
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IrG
¼ 8 and RG = (0.10–
0.15) XG are suggested, depending on the size of the generator
[25]. The locked-rotor resistance RG, locked-rotor reactance
XG and turns ratio tr of transformer connecting the DG are
calculated using (6)–(8), respectively.RG ¼ 0:1XG ð6Þ
XG ¼ 0:995ZG ð7Þ
tr ¼ 20; 000
690
ð8Þ
ZG ¼ 3:3154þ j33 ð9ÞWithout using UFCL the coordination between OCR1 and
OCR2 as well as OCR2 and OCR3 are disrupted as the related
CTIs 0.5967 and 0.1763 are out of upper and lower permissible
ranges, respectively, as depicted by bold values in Table 7. On
the other hand, coordination between OCR4 and OCR5 as
well as OCR4 and OCR6 is preserved. On using UFCL with
a resistance of 155.5 X, the CTIs between OCR1 and OCR2
as well as OCR2 and OCR3 are restored to 0.4999 and
0.2201, respectively, Table 8, which satisﬁes the coordination
requirement.Figure 4 Equivalent circuit of induction generator.
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Table 8 Relay coordination for case (B-1) with UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1104 0.3890 0.4999
OCR1 (back-up) 1075.6 0.8890
BUS 4 OCR3 (primary) 770.9 0.9465 0.2201
OCR2 (back-up) 770.9 0.7265
BUS 6 OCR5 (primary) 492.3 0.0635 0.2347
OCR4 (back-up) 403.2 0.2982
BUS
DG1
OCR6 (primary) 1190.5 0.4523 0.2969
OCR4 (back-up) 1190.5 0.1555
6 M. Abdel-Salam et al.3.2.2. Case (B-2) Relay coordination on replacing the DG1
synchronous-generator with DFIG associated with crowbar
resistance RCB equal to 10 times rotor resistance Rr
DFIG is similar to regular induction generator associated with
crowbar resistance RCB which it is usually used for protecting
the power-electronics converter from overvoltage and thermal
breakdown during short circuit events by shorting the genera-
tor rotor terminals. When the crowbar protection is connected
in series with the rotor, the parameters of the machine are
changed. The additional resistance has to be taken into consid-
eration for determining the new locked rotor impedance. In
this respect the DFIG can be roughly approximated as a con-
ventional asynchronous generator [19]. The ratio of locked
rotor current to the rated current of machine is variable
depending on the value of crowbar resistance. In this case,
the crowbar resistance RCB has been taken 10 times of the
rotor resistance Rr; hence, the ratio of locked rotor current
to the rated current of machine ILR
IrG
is 6.9 following the proce-
dure reported before [26]. According to (5)–(8), the short cir-
cuit impedance of DFIG associated with the crowbar
resistance is determined as
ZG ¼ 3:843þ j38:439 X ð10Þ
Without using UFCL the coordination between OCR1 and
OCR2 as well as OCR2 and OCR3 are disrupted as the related
CTIs 0.5848 and 0.1807 are out of upper and lower permissible
ranges, respectively, as depicted by bold values in Table 9. On
the other hand, coordination between OCR4 and OCR5 as
well as OCR4 and OCR6 is preserved. On using UFCL with
a resistance of 157.7 X, the CTIs between OCR1 and OCR2
as well as OCR2 and OCR3 are restored to 0.4999 and 0.22,
respectively, Table 10, which satisﬁes the coordination
requirement.
3.2.3. Case (B-3) Relay coordination on replacing the
synchronous-generator DG1 with DFIG associated with RCB
equal to 30 times Rr
The ratio of locked rotor current to the rated current of
machine ILR
IrG
is 4.26. According to (5)–(8), the short circuit
impedance of DFIG associated with the crowbar resistance
is determined as
ZG ¼ 6:225þ j62:255 X ð11Þ
Without using UFCL the coordination between OCR1 and
OCR2 as well as OCR2 and OCR3 are disrupted as the relatedTable 7 Relay coordination for case (B-1) without UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1169.3 0.3567 0.5967
OCR1 (back-up) 1031.9 0.9535
BUS 4 OCR3 (primary) 802.7 0.8485 0.1763
OCR2 (back-up) 802.7 0.6722
BUS 6 OCR5 (primary) 492.3 0.0635 0.2347
OCR4 (back-up) 403.2 0.2982
BUS
DG1
OCR6 (primary) 1190.5 0.4523 0.2969
OCR4 (back-up) 1190.5 0.1555
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ranges, respectively, as depicted by bold values in Table 11. On
the other hand, coordination between OCR4 and OCR5 as
well as OCR4 and OCR6 is preserved. On using UFCL with
a resistance of 164.3 X, the CTIs between OCR1 and OCR2
as well as OCR2 and OCR3 are restored to 0.4999 and
0.2197, respectively, Table 12, which satisﬁes the coordination
requirement.3.2.4. Case (B-4) Relay coordination on replacing the
synchronous-generator DG1 with PMSG type
For the representation of such DG source, the provisions of
IEC 60909 [16–20] for reversible static converter-fed drives
could be applied, as this source is treated as asynchronous
machines with ILR
IrG
assumed equal to 1.5 [25]. According to
(5)–(8), the short circuit impedance of PMSG is determined
as follows:
ZG ¼ 17:6821þ j176:8216 X ð12Þ
Without using UFCL the coordination between OCR1 and
OCR2 is disrupted as the related CTI 0.5051 is out of upper
permissible ranges, respectively, as depicted by bold values in
Table 13. On the other hand, coordination between OCR2
and OCR3, OCR4 and OCR5 as well as OCR4 and OCR6
is preserved. On using UFCL with a resistance of 125.3 X,
the CTI between OCR1 and OCR2 is restored to 0.4999,
Table 14, which satisﬁes the coordination requirement.Table 9 Relay coordination for case (B-2) without UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1161.7 0.3602 0.5848
OCR1 (back-up) 1037.3 0.9450
BUS 4 OCR3 (primary) 799.1 0.8587 0.1807
OCR2 (back-up) 799.1 0.6780
BUS 6 OCR5 (primary) 489.3 0.0636 0.2303
OCR4 (back-up) 408.6 0.2938
BUS
DG1
OCR6 (primary) 1190.5 0.4523 0.2969
OCR4 (back-up) 1190.5 0.1555
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Table 10 Relay coordination for case (B-2) with UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1104 0.3890 0.4999
OCR1 (back-up) 1075.6 0.8889
BUS 4 OCR3 (primary) 771 0.9464 0.22
OCR2 (back-up) 771 0.7264
BUS 6 OCR5 (primary) 489.3 0.0636 0.2303
OCR4 (back-up) 408.6 0.2938
BUS
DG1
OCR6 (primary) 1190.5 0.4523 0.2969
OCR4 (back-up) 1190.5 0.1555
Table 12 Relay coordination for case (B-3) with UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1104.3 0.3888 0.4999
OCR1 (back-up) 1075.8 0.8888
BUS 4 OCR3 (primary) 771.1 0.9458 0.2197
OCR2 (back-up) 771.1 0.7261
BUS 6 OCR5 (primary) 480.7 0.0637 0.2186
OCR4 (back-up) 424.1 0.2823
BUS
DG1
OCR6 (primary) 1190.5 0.4523 0.2969
OCR4 (back-up) 1190.5 0.1555
Table 13 Relay coordination for case (B-4) without UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1109.7 0.3859 0.5051
OCR1 (back-up) 1074.1 0.8911
BUS 4 OCR3 (primary) 774 0.9361 0.2153
OCR2 (back-up) 774 0.7208
BUS 6 OCR5 (primary) 469 0.0640 0.2043
OCR4 (back-up) 445.8 0.2682
BUS
DG1
OCR6 (primary) 1190.5 0.4523 0.2969
OCR4 (back-up) 1190.5 0.1555
Table 14 Relay coordination for case (B-4) with UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1105.3 0.3883 0.4999
OCR1 (back-up) 1076.1 0.8883
BUS 4 OCR3 (primary) 774 0.9361 0.2153
OCR2 (back-up) 774 0.7208
BUS 6 OCR5 (primary) 469 0.0640 0.2043
OCR4 (back-up) 445.8 0.2682
BUS
DG1
OCR6 (primary) 1190.5 0.4523 0.2969
OCR4 (back-up) 1190.5 0.1555
Improvement of protection coordination 73.3. Scenario C: Relay coordination as influenced by the increase
of the MG rating by adding a new synchronous generator for the
same rating of main grid
In this scenario, one case is considered for relay coordination
with the increase of the rating of MG by adding a new DG of
the synchronous generator type with different ratings keeping
the rating of the main grid constant at 1000 MVA.
3.3.1. Case (C-1) Relay coordination with added synchronous
generator as a new DG of rating 1.5 MVA
Without using UFCL the coordination between OCR1 and
OCR2 as well as OCR2 and OCR3 are disrupted as the related
CTIs 0.6491 and 0.1591 are out of upper and lower permissible
ranges, respectively, as depicted by bold values in Table 15. On
the other hand, coordination between OCR4 and OCR5 as
well as OCR4 and OCR6 is preserved. On using UFCL with
a resistance of 146.7 X, the CTIs between OCR1 and OCR2
as well as OCR2 and OCR3 are restored to 0.4999 and
0.2203, respectively, Table 16, which satisﬁes the coordination
requirement.
In all case studies, except case (B-4), the coordination
between OCR1 and OCR2 as well as OCR2 and OCR3 are dis-
rupted. This is because the related CTI values are out of the
permissible range. As the location of overcurrent relays
OCR3, OCR2 and OCR1 is close to the main substation, they
contribute higher fault current disrupting the protective coor-
dination. Another reason for the miss-coordination between
relays is the higher load current for relays OCR3, OCR2 and
OCR1 in comparison with that of relays OCR4, OCR5 andTable 11 Relay coordination for case (B-3) without UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1139.9 0.3705 0.5510
OCR1 (back-up) 1052.8 0.9215
BUS 4 OCR3 (primary) 788.7 0.8895 0.1943
OCR2 (back-up) 788.7 0.6952
BUS 6 OCR5 (primary) 480.7 0.0637 0.2186
OCR4 (back-up) 424.1 0.2823
BUS
DG1
OCR6 (primary) 1190.5 0.4523 0.2969
OCR4 (back-up) 1190.5 0.1555
Table 15 Relay coordination for case (C-1) without UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1201.5 0.3429 0.6491
OCR1 (back-up) 1008.4 0.9919
BUS 4 OCR3 (primary) 817.7 0.8082 0.1591
OCR2 (back-up) 817.7 0.6491
BUS 6 OCR5 (primary) 505.6 0.0633 0.2556
OCR4 (back-up) 380.2 0.3189
BUS
DG1
OCR6 (primary) 1384 0.4496 0.2941
OCR4 (back-up) 1189.2 0.1555
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Table 16 Relay coordination for case (C-1) with UFCL.
Fault
location
Relay unit
(primary, back-up)
Relay
current (A)
Operating
time (s)
CTI
(s)
BUS 3 OCR2 (primary) 1103.8 0.3891 0.4999
OCR1 (back-up) 1075.5 0.8891
BUS 4 OCR3 (primary) 770.9 0.9470 0.2203
OCR2 (back-up) 770.9 0.7267
BUS 6 OCR5 (primary) 505.6 0.0633 0.2556
OCR4 (back-up) 380.2 0.3189
BUS
DG1
OCR6 (primary) 1384 0.4496 0.2941
OCR4 (back-up) 1189.2 0.1555
Table 17 UFCL resistance for different scenarios.
Case Value of UFCL resistance (X)
A-1 114.9
B-1 155.5
B-2 157.7
B-3 164.3
B-4 125.3
C-1 146.7
8 M. Abdel-Salam et al.OCR6 with a corresponding higher pick-up current affecting
the operation time of relay. Consequently, the coordination
time interval (CTI) between relays will be disrupted. On the
other hand, there is no miss-coordination for overcurrent
relays OCR4, OCR5 and OCR6. For case (B-4), the coordina-
tion between OCR1 and OCR2 is only disrupted. This is
attributed to the presence of PMSG which contributes a lower
fault current when compared with other types of DGs includ-
ing SG or IG or DFIG.
Table 17 provides the optimal values of UFCL resistance
for maintaining the protective coordination without changing
the settings of overcurrent relays.
4. Conclusions
(1) The presence of DG units in distribution systems
increases the fault current level, which disrupts the exist-
ing coordination time interval of the protective overcur-
rent relays.
(2) A unidirectional fault current limiter is proposed to
restore the coordination among the protective overcur-
rent relays in the presence of DG units. The limiter is
to connect the distribution system (upstream network)
with the interfaced microgrid (downstream network).
(3) The proposed UFCL presents a low resistance value in
normal and downstream fault conditions and a high
resistance value during the upstream fault conditions.
(4) The performance of the proposed UFCL is satisfactory
in maintaining the overcurrent relay coordination irre-
spective of the rating of the distribution grid as well as
the rating or the type of DG units including PMSG,
IG and DFIG with different crowbar resistances.Please cite this article in press as: Abdel-Salam M et al., Improvement of Protection
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impedances for the network components
A.1. Short-circuit impedance of main substation
ZQ ¼ cUnQﬃﬃﬃ
3
p
t2r I
00
kQ
ðA:1Þ
where c is a voltage factor equals 1.1 [16], UnQ is the rated volt-
age of the main substation (=69 kV) and tr is the turns ratio of
the step-up transformer T1(=3.45).
The initial short-circuit current, where the distribution net-
work is connected to the main substation in Fig. 2, is expressed
as
I00kQ ¼
S00kQﬃﬃﬃ
3
p
UnQ
¼ 1000  10
6ﬃﬃﬃ
3
p  69  103 ¼ 8:367 kA ðA:2Þ
where S00kQ is the short circuit apparent power of the main sub-
station (=1000 MVA).
ZQ ¼ 1:1  69  10
3ﬃﬃﬃ
3
p  3:45  3:45  8:367  103 ¼ 0:44 X ðA:3Þ
RQ ¼ 0:0458  0:44 ¼ 0:0198 X ðA:4Þ
XQ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Z2Q  R2Q
q
¼ 0:439 X ðA:5ÞA.2. Short-circuit impedance of transformer (T1)
ZT ¼ ukr
100
U
2
rT
SrT
¼ 20:5  20  20  10
6
100  50  106 ¼ 1:64 X ðA:6Þ
where ukr is the short-circuit voltage of transformer in percent
(=20.5%), UrT is the rated voltage of transformer (=20 kV)
and SrT is the rated apparent power of transformer
(=50 MVA).
The short-circuit resistance of transformer RT is calculated
as
RT ¼ PkrT
3  I2rT
¼ 160  10
3
3  1:443  1:443  106 ¼ 0:0256 X ðA:7Þ
where PkrT is the total loss of transformer (=160 kW) at rated
current IrT which is calculated as
IrT ¼ SrTﬃﬃﬃ
3
p
UrT
¼ 50  10
6ﬃﬃﬃ
3
p  20  103 ¼ 1:443 kA ðA:8Þ
The short-circuit reactance of transformer XT is calculated
as
XT ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Z2T  R2T
q
¼ 1:639 X ðA:9Þ
The impedance correction factor for transformer KT is cal-
culated as
KT ¼ 0:95  Cmax
1þ 0:6xT ðA:10Þ
where xT is the relative short circuit reactance, Cmax ¼ 1:1
xT ¼ SrT
U2rT
 XT ¼ 50  1:639
20  20 ¼ 0:2048 ðA:11ÞCoordination for a Distribution System Connected to a Microgrid using Uni-
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Improvement of protection coordination 9Using Eq. (A.10), the impedance correction factor for trans-
former KT ¼ 0:9306
ZT ¼ KTðRT þ jXTÞ: ðA:12ÞA.3. Short-circuit impedance of Transformers (T2, T3 and T4)
The same procedure for calculating the impedance of T1 is
applied to calculate the impedance of transformers T2, T3
and T4 except the short-circuit resistance of transformer, which
is calculated as
RT ¼ uRr
100
U
2
rT
SrT
ðA:13Þ
where uRr is the rated resistive component of the short-circuit
voltage in percent.
A.4. Short-circuit impedance of DG unit (synchronous
generator)
The short-circuit impedance of DG unit RG is calculated as
RG ¼ RG
X00d
 x00d 
U2rG
SrG
¼ 0:15  0:18  690  690
1:5  106
¼ 8:5698  103 X ðA:14Þ
where x00d is the relative sub-transient reactance of DG unit
(=0.18 p.u), UrG is the rated voltage of DG unit (=690 V)
and SrG is the power of DG unit (=1.5 MVA).
which
RG
X00d
¼ 0:15 for generators with rated voltage lower than 1 kV
ðA:15Þ
According to (A.14) and (A.15), the short-circuit reactance
XG of the DG unit is calculated as
X00d ¼ XG ¼ 0:057132 X ðA:16Þ
The impedance correction factor for DG unit KG is calcu-
lated as
KG ¼ Un
UrG
 Cmax
1þ x00dsin urG
¼ 1:1
1þ 0:18  0:4358 ¼ 1:0199
ðA:17Þ
where Un is the system nominal voltage.
tr ¼ UH:V
UL:V
¼ 20; 000
690
¼ 28:98 ðA:18Þ
According to Eqs. (A.14), (A.16)–(A.18), the short-circuit
impedance ZG of the DG unit DG1 and DG2 is calculated as
ZG ¼ KGðRG þ jXGÞt2r ðA:19ÞA.5. Short-circuit impedance of non-rotating loads
ZL1 ¼ ZL2 ¼ ZL3 ¼ ZL4 ¼ U
2
n
S
¼ 20  20  10
6
20  106 ¼ 20 X ðA:20Þ
where S is the rated apparent power of loads.
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